Dendritic Cells (DCs) recognize infectious non-self molecules and engage the adaptive immune system thereby initiating long lasting, antigen-specific responses. As such, the ability to activate DCs is considered a key tool to enhance the efficacy and quality of vaccination. Here we report a novel immunomodulatory sulfolipid named β-SQDG18 that prototypes a class of natural-derived glycolipids able to prime human DCs by a TLR2/TLR4-independent mechanism and trigger an efficient immune response in vivo. β-SQDG18 induces maturation of DC with the upregulation of MHC II molecules and co-stimulatory proteins (CD83, CD86), as well as pro-inflammatory cytokines (IL-12 and INF-γ). Mice immunized with OVA associated to β-SQDG18 (1:500) produced a titer of anti-OVA Ig comparable to traditional adjuvants. In an experimental model of melanoma, vaccination of C57BL/6 mice with β-SQDG18-adjuvanted hgp10 peptide elicited a protective response with a reduction in tumour growth and increase in survival.
Stimulation of an immune response by using attenuated or inactivated biological agents has been the traditional basis for vaccination against viral and bacterial infections. However, most of the recent vaccines are comprised of highly purified synthetic macromolecules, such as peptides or recombinant DNA produced by genetic engineering technology. These antigens tend to be safer but poorly immunogenic; therefore they need to be combined with agents known as adjuvants that potentiate the immune response mostly by activation of specific accessory cells, named Antigen-Presenting Cells (APCs) [1] [2] [3] [4] [5] [6] . Adjuvants are a highly heterogeneous group of compounds with a common property¸ usually defined as adjuvancy, to enhance the immunogenicity of antigens. Nevertheless, except for the Toll-like receptor (TLR) agonist monophosphoryl lipid A (MPLA, compound 1 in Fig. 1 ), clinically approved formulations are restricted to aluminium salts and emulsions of lipids (e.g. squalene) in water 7 . Dendritic cells (DCs) are the most efficient APCs [8] [9] [10] [11] [12] [13] [14] and are often called 'nature's adjuvant' 15 for their ability to induce activation and specific expansion of CD4 + helper T (Th) and CD8 + cytotoxic T (CTL) lymphocytes determining the functional profile of these cells against bacterial and viral antigens 15 . For these reasons DCs have become the product of choice for the preparation of DC-based vaccines against tumors or infections [16] [17] [18] [19] .
Here we provide the first evidence of a novel class of molecular adjuvants of marine origin able to stimulate in vitro DC maturation and prime in vivo specific immune response.
. In this study, human MoDCs were placed in 96 multiwell plates and treated with methanol extracts from a collection of marine organisms including invertebrates and photosynthetic protists (microalgae, diatoms and dinoflagellates). Evolution from immature antigen-capturing cells to mature, immunologically competent DCs was assessed by measuring the expression of MHC-Class II receptor HLA-DR and the co-stimulatory molecule CD86 by flow cytometry 22 . When mature DCs were detected, we also measured production of IL-12, a specific mediator of Th1/CTL activation [23] [24] [25] , by quantitative PCR. Extracts from different diatom species gave positive hits with the major activity associated to fractions containing glycolipids. One of the most active species, namely Thalassiosira weissflogii (CCMP-1336), was mass cultivated (300 g dry weight) in 70 L photobioreactors. Extraction by SPE and bioassay-guided fractionation led to the isolation of a mixture of α-sulfoquinovosyl diacylglycerols (α-SQDGs, 2) that induced overexpression of IL-12 at 10 µg/mL and HLA-DR at 10 ng/mL (Fig. 1) . α-SQDGs are relatively minor lipids compared to galactosylglycerides in plants but their content is usually higher in algae and microalgae. They are concentrated in the inner membranes of chloroplasts but their function is still unclear. Instead of the phosphate group of MPLA, α-SQDGs are characterized by a sulfur atom directly linked to the carbon 6′ of a single unit of monosaccharide referred to as sulfoquinovose (Fig. 1) . Furthermore, compared to immunogenic bacterial glycolipids that usually have a β-configuration of anomeric carbons, α-SQDGs have an α-configuration of the sugar unit. Lipid profiling by LC-MS 26 of T. weissflogii revealed that the natural active fraction was composed of a mixture of α-SQDGs differing in the composition and position of saturated or monounsaturated fatty acids, mainly palmitic (16:0) and palmitoleic (16:1) acids (Fig. 1) . The immunostimulatory activity of this class of lipids was further confirmed by the effect of a few synthetic analogs (3) (4) (5) 27 that were all able to elicit maturation and IL-12 production of DCs regardless of the presence of C 16 or C 18 alkyl chains.
Activation of DC by the synthetic sulfolipid β-SQDG18. Inspired by the structure of MPLA (1), we also designed a chimeric molecule, named β-SQDG18 (compound 6 in Fig. 2) , that combined the presence of the sulfonic residue typical of α-SQDGs with the β-configuration of the glycosidic bond that is common in immunogenic LPS-related glycolipids 28 . The chimeric sulfolipid (6) was synthesized by coupling 1,2-O-isopropylidene glycerol with the trichloroacetamidate derivative of tetra-acetyl glucose (Supplementary Information) 29 . After ) out of the total DC population. LPS was used as positive control. Asterisks indicate significant differences from the cells treated only with vehicle (control, Ctr) at a 95% (P < 0.05) confidence level, as determined using two-way ANOVA analysis.
selective de-protection of the primary hydroxyl group at C-6′, the carbon-sulfur bond was introduced through a thioacetate intermediate from which 1,2-distearoyl-3-O-(β-sulfoquinovosyl)-sn-glycerol (β-SQDG18, 6) was obtained by conventional chemical reactions. In comparison with natural sulfolipids, β-SQDG18 (6) showed an increased potency in promoting maturation of MoDCs as proved by the up-regulation of phenotypic markers in a dose-dependent manner from 10 ng/mL to 10 µg/mL. As reported in Fig. 2 , the molecule increased the percentage of CD83-positive cells. High expression of this marker on the cell surface is a peculiarity of fully matured human DC 30, 31 and critical for the in vivo priming of naïve T cells 32, 33 . Furthermore, upregulation of CD83 prevents MHC II and CD86 down-regulation induced by IL-10 through MARCH1 thus enhancing the immunogenicity of vaccine adjuvants 34 . Expression of CD86 by β-SQDG18 (6) was quantitatively not different from that induced by the TLR agonist Pam2CSK4 although the two molecules showed different ability to promote surface display of HLA-DR. β-SQDG18 (6) induced only a slight increase of MHC class II molecules that are constitutively expressed at high levels in DCs. The synthetic sulfolipid also stimulated production of a distinct array of pro-inflammatory cytokines including IL-12 (about 130-fold increase compared to control DMSO and about 25-fold increase compared to natural α-SQDG) and INF-γ, that are related to the DCs' ability to prime an efficient Th1 cell response 23, 35 . In addition to these results, PCR array analysis of 96 genes in DCs stimulated by β-SQDG18 (6) showed an up-regulation of CD40 ligand, IL-27 and other interleukins (e.g. IL-1α and IL-1β, IL-18) that work synergistically to induce Th1 cells and play a major role in resistance to bacterial and viral infections, as well as to tumours (Supplementary Material).
β-SQDG18 does not activate TLR2 and TLR4 response. The immune effect of MPLA (1) and many glycolipids of interest as vaccine adjuvants (e.g. lipoteichoic acid) is mediated by Toll-like receptors (TLRs), mainly TLR-2 or TLR-4 36 . TLRs are principal membrane-associated innate sensors that DCs and other APCs use to recognize conserved pathogen-associated molecular patterns (PAMPs). To verify whether β-SQDG18 (6) activity were TLR-2/TLR-4 dependent, we tested β-SQDG18 (6) effects in a cell-based assay with HEK293 stably co-transfected to express full-length human TLR-2 or TLR-4 and the secreted alkaline phosphatase (SEAP) reporter gene under the transcriptional control of a NF-kB response element 37 . As shown in Fig. 2D , the sulfolipid had no effect on reporter activation of either receptor at concentrations that stimulate maturation and cytokine production by DCs. Down-regulation on TLR-4 in an array analysis of 84 genes of DCs stimulated by β-SQDG18 (6) further supported a TLR-independent mechanism for the activation of these cells (Supplementary Material). Immunization of mice against ovalbumin using β-SQDG18 as adjuvant. In order to acquire conclusive evidence about the potential of the synthetic sulfolipid to boost immune protection and to act as an adjuvant, the synthetic lipid was tested in animal models. First, we evaluated the antibody response in mice following immunization with OVA, as model antigen, associated to β-SQDG18 (6). To this aim, a sterile saline solution was formulated by mixing the protein with the synthetic sulfolipid 6 obtained by scale-up of the chemical procedure discussed above. Control groups received OVA delivered in DMSO or formulated with either complete Freund's adjuvant (CFA) or TiterMax ® (TM). Following subcutaneous injections of 5 µg OVA and 2.5 mg β-SQDG18 at day 1 and 8, the animals responded by day 21 with a robust enhancement of anti-OVA antibody titer (Fig. 3 ). In analogy with the control adjuvants CFA and TM, immunization with OVA/β-SQDG18 evoked increase of IgG1 and IgM. There is no univocal understanding of antibody function in mouse; however, there is good agreement about the role of IgM in early response, as well as of IgG1 in mitigation of the inflammatory process. In addition to IgG1, murine IgGs include IgG2a, IgG2b and IgG3, whose production is stimulated to different extents by the sulfolipid. Recently Collins has discussed the model of murine IgG response by concluding that these four classes of antibodies work synergistically and their actions have to be considered together 38 . In this view, the humoral response due to OVA/β-SQDG18 was comparable to the antibody titer associated with co-administration of OVA with the known adjuvants CFA or TM.
Comparative analysis of adjuvants in vaccines against an experimental melanoma model. In a second strategy of immunization, we tested β-SQDG18 (6) in an experimental model of cancer vaccine against a murine B16F10 melanoma cell line, that is widely used for therapeutic evaluation 39 . Activating immune responses against cancer is considered a promising therapeutic approach even if the clinical application of therapeutic cancer vaccines is currently hampered by the difficulties in the selection of effective immunization protocols. In fact, the weak antigenicity of many tumor antigens requires the association with robust adjuvants to boost the cell-mediated immune response 40 . In our experiment, β-SQDG18 (6) was tested in mice challenged with the human gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] (hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] ) peptide, an antigen derived from a melanocyte differentiation protein 41, 42 . The adjuvant effect of β-SQDG18 (6) was compared with those of Freund's and CpG Oligodeoxynucleotide (CpG) adjuvants. Vaccines formulated with CpG have shown to elicit both cellular and humoral responses so that the oligonucleotide has been tested in clinical and preclinical trials 43, 44 . In agreement with a previous protocol of vaccination showing a protective effect of hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide in association with CpG 45 , we immunized mice with the melanoma epitope for two weeks before challenging with B16F10 melanoma cells (1 × 10 5 cells per mouse) (Fig. 4) . In line with the previous results 45 , the three treatments reduced tumour growth and prolonged survival in comparison to control animals challenged only with B16F10 cells. Association of β-SQDG18 to hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide induced in vivo expansion of both memory lymphocytes and APCs, as indicated by the increase in the percentage of CD8 + CD44 high T lymphocytes and CD3-CD19-CD80 + cells among splenocytes in immunized mice in comparison with unvaccinated tumour-challenged animals ( Fig. 4E and F) . The protective activity of No increase in OVA-specific IgA was observed. Asterisks indicate significant differences from the control group at a 95% (P < 0.05) confidence level, as determined using two-way ANOVA analysis.
vaccination with hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] in association with β-SQDG18 (6) was comparable with the effect of the other two immunizing protocols (Fig. 4) , thus providing the final proof of the efficacy of this molecule in the vaccine formulation.
Discussion
For more than 70 years, aluminum salts have been the only adjuvants licensed for human use worldwide 46 . In the last decades, the improved understanding of how innate mechanisms influence the adaptive immunity has made possible the development of new adjuvants in a more rational design. A major breakthrough has been the approach of stimulating antigen-presenting cells, mostly DCs, that efficiently engage the adaptive immune system [1] [2] [3] [4] [5] . Screening of a library of extracts from marine microalgae for stimulation of human monocyte-dendritic . The animals were pretreated with the adjuvanted antigen hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide (100 μg mouse/injection) on days −14, −7 and 0. For the experiment with β-SQDG18 (600 μg mouse/injection), the antigen was vigorously mixed with a homogeneous suspension of the molecule prior to injection. Mice immunized with the melanoma epitope in association to either CPG oligodeoxynucleotide (30 μg/injection) or Freund's adjuvants (1:1 vol/vol) were used as positive controls. Unimmunized mice were used as negative control. Tumour volume of melanoma lesions and survival rate were monitored for 30 days after challenging. Each group was composed of eight animals; (B) Tumour growth and (C) percent survival in the four groups of mice. Statistically significant difference between the negative control and each of the three immunized groups of mice is indicated. Black line: negative control; Red line: antigen plus β-SQDG18; Green line: antigen plus Freund's adjuvant; Orange line: antigen plus CpG; (D) Detail of tumour growth in response to vaccination with the three adjuvants. Groups are indicated by colours as above Asterisks indicate statistically significant differences in comparison to negative control. *P < 0.01; **P < 0.002; (E) Percentage of CD8 + CD44 high memory T cell in splenocytes of tumour-challenged mice in the negative control group or after vaccination by β-SQDG18 as adjuvant (black column); (F) Percentage of CD3-CD19-CD80
+ cells in splenocytes of tumour challenged mice in the negative control group and after vaccination by β-SQDG18 as adjuvant (black column). cells (hMo-DCs) gave positive hits associated with α-sulfoquinovosides (Fig. 1) , natural glycolipids wide spread in photosynthetic organisms but very rich in microalgae. In the last years, the emerging role of small molecules and lipids in immunogenicity has gained significant research traction 1, [47] [48] [49] [50] [51] [52] [53] [54] [55] . Marine lipids often do not have counterpart in terrestrial organisms and are considered a potential source of novel immunogenic compounds. The algal products showed only a little activity but modification of their structure led to the synthetic analog β-SQDG18 (6) that induces maturation of human DCs, production of inflammatory cytokines (Fig. 2) and boosts the immune protective response in vivo (Figs 3 and 4) . Considering the difference in the stimulatory activities between the synthetic molecule and the natural products, introduction of saturated fatty acids bound to glycerol and β-configuration of the anomeric carbon are the major determinants of the DC response. This is likely due to the resemblance of the synthetic molecule with bacterial lipids that, differently from those found in mammalians and plants, are mainly made of saturated alkyl chains.
The DC activation by β-SQDG18 (6) is TLR-independent as the molecule did not activate TLR2-or TLR4-dependent cell lines (Fig. 2D) . In consideration of the chemical structure of the sulfolipid and the close analogies with LPS-related adjuvants (e.g. MPLA) 56 , this result was rather surprising. However, DCs maturation does not necessarily require TLR-mediated triggering and a few bacterial molecules, also currently considered as vaccine adjuvants, can directly stimulate DC function without activation of TLR signaling pathways 57 . As the cell-based assay measures LPS response at the ng range, the absence of appreciable signal also excludes the contamination of the tested samples of β-SQDG18 (6) with small amounts of the lipopeptides.
DC stimulation is of central interest in the development of preventive and therapeutic vaccines against cancer 19, 40 . As shown in Fig. 4 , β-SQDG18 (6) reduced tumor size and prolonged animal survival in an experimental model of vaccination against melanoma in mouse. Use of the sulfolipid gave results very similar to those achieved by well-established adjuvants, such as CpG and Complete Freund's Adjuvant. Notably, vaccination with β-SQDG18 and CpG, but not Freund's, also resulted in the delay of tumour growth in the first ten days after challenging (Fig. 4) . Stimulation of DCs is extremely well suited to activate T-cell response in patients with cancer and, very recently, the clinical efficacy of this strategy has been proven in an innovative approach using nanoparticles of RNA-lipid complexes 58 . The demonstration that β-SQDG18, as CpG, targets DCs and induces their activation and maturation suggests that the protective effect of both adjuvants in the first days after vaccination correlates with the enhancement of the immunogenicity of hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] . These results are very encouraging for further testing of β-SQDG18 in anticancer formulations.
Taken together, these data pave the way to a new class of adjuvants based on a single molecule. Formulation of these products offers a few technical advantages because it does not require additional products (i.e. surfactants) and the dosage of the single product is straightforward. This simplifies the evaluation of the biological response too. Importantly, we also demonstrated that preparation of the sulfolipid molecule can be scaled by standard chemical methods in order to fulfil the supply need for clinical development. Chemical modifications of the product and optimization of the formulation protocol will probably allow reduction of the amount of β-SQDG18, thus further improving safety and efficiency of vaccination protocols. 
Methods

LC-MS/MS Analysis of natural α-SQDG. Species composition was identified by LC-MS/MS according
to our recent report 26 . Briefly, UPLC separation was performed on a Kinetex Biphenyl (2.6 µm, 150 × 2.1mm) column (Phenomenex, Torrance, CA, USA) by using a binary mobile phase of water and methanol (MeOH). The elution program (flow rate 0.3 mL/min) was from 40% to 80% MeOH in 2 min, then 100% MeOH in 13 min and 100% MeOH for other 7 min. Full scan mass spectra (ESI in negative ion mode) were acquired in the m/z range 150-2000 with a resolution of 70000. MS/MS experiments on monoisotopically isolated precursor ions were performed with a normalized collision energy between 20 and 40.
Glycolipid synthesis. Synthetic analogs 3-5 were prepared according to Manzo et al. 27 . Synthesis of compounds 6 is described in the Supplementary Information. 1,2-distearoyl-3 Preparation of Dendritic Cells. For each assay human peripheral blood mononuclear cells were isolated from two healthy donors by routine Ficoll density gradient centrifugation. Monocytes were purified from human peripheral blood mononuclear cells using MACS CD14 microbeads (Miltenyi Biotech, Auburn, CA, USA) according to the manufacturer's recommendation. Purity was checked by staining with a FITC-conjugated anti-CD14 antibody (Milteny Biotech, Auburn, CA, USA) and FACS analysis and was routinely found to be greater than 98%. Immature DCs were obtained by incubating monocytes at 1•10 6 /mL in RPMI 1640 medium supplemented with 10% fetal calf serum, 1% L-glutamine 2 mM, 1% penicillin and streptomycin, human IL-4 (5 ng/mL) and human GM-CSF (100 ng/mL) for five days. Real Time PCR analysis. Total RNA was isolated using Trizol Reagent, according to the manufacturer's protocol. RNA quantity and purity were measured with a NanoDrop 2000 spectrophotometer (Thermo Scientific,Waltham, MA, USA). Sample purity was checked by A260/A280 ratios between 1.80 and 2.00. Extracted RNAs from all preparations were in this range. Cytokines mRNA expression was measured by quantitative Real Time-PCR. Results are expressed as means ± SD. All data were analyzed by one way ANOVA followed by the Tukey test for multiple comparison test. A p-value less than 0.05 was considered as statistically significant. All analyses were performed using the GraphPad Prism 4.00 for Windows software (GraphPad Software, San Diego California, USA). and Pam2CSK4 for TLR-2 cell line were used as positive control under the same conditions. SEAP was analyzed using the SEAPorter Assay (Novus Biologicals, Littleton, CO, USA) in according to manufacturer's instructions. Quantitative data (ng/mL) were obtained by a standard curve for the SEAP protein.
PCR Array analysis.
Immunization protocol. Immunization of C56BL/6 mice (four groups of three individuals) was carried out by injecting twice 5 µg Ovalbumin (OVA) (Hyglos GmbH, Bernried am Starnberger See, Germany) together with 2.5 mg β-sulfoquinovoside mixture (6) according to published protocols 60 . OVA-specific Ig production was measured by ELISA according to Leung S et al. 61 . Titermax and Complete Freund's Adjuvant (Sigma Aldrich, St. Louis, MO, USA) were used according to manufacturer instructions. Statistical analyses were performed by ANOVA using the GraphPad Prism 4.0 Software (GraphPad Software, Inc, La Jolla, CA).
Comparative analysis of cancer vaccine formulations. Experiments were carried out according to the published protocol 45 by challenging C57BL/6 J mice with subcutaneously injection of B16F10 melanoma cells (1 × 10 5 cells/mouse). Prior to challenge, the animals were immunized three times at days −14, −7 and 0 by subcutaneous injection of hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide (100 μg/mouse injection) in association with one of the following products: CpG (30 μg) (Tib MolBiol, Genoa, Italy), Freund's adjuvant (1:1 vol/vol) (Sigma Aldrich, St. Louis, MO), β-SQDG18 (600 μg). Formulations were carried out according to manufacturers' instructions. For β-SQDG18, the melanoma antigen was simply added to a stable emulsion of the sulfolipid in phosphate buffer prior to injection. Experiments were carried out on groups of 8 animals each. Tumor masses were measured with a caliper at 2-3 days intervals by measuring long and short axes. Volume was calculated according to the formula: tumor volume = ½ (length × width 2 ) in cm 3 . Mice were sacrificed when either tumors reached > 1 cm 3 , when ulceration/bleeding developed, or after 30 days from the tumor challenge. Mice treated with hgp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] peptide alone prior to challenging with B16F10 cells (1 × 10 5 cells/mouse) were used as negative control. Statistical analyses were performed by the Mann-Whitney unpaired T test for nonparametric measures using the GraphPad Prism 4.0 Software (GraphPad Software, Inc, La Jolla, CA).
Analysis of splenocytes from B16F10 challenged mice. Spleens were removed from sacrificed mice according to Kalli et al. 45 . Frequency of memory T lymphocytes was assessed ex vivo on splenocytes stained by the following conjugated mAbs: CD3-BV510 (BD PharMingen, Haryana, India), CD4-APC-eFluor 780, CD8-PE-Cy7, CD44-PE (Thermo Scientific,Waltham, MA, USA). To assess ex vivo the percentages of non-lymphoid APCs (monocytes and DCs), splenocytes were labelled with the following conjugated mAbs: CD80-FITC (Biolegend, San Diego, CA, USA), HLA-DR-PE, CD86-APC (Thermo Scientific,Waltham, MA, USA). The samples were analyzed by a FACS Canto II flow-cytometer (BD Bioscience, Frankin Lake, NJ, USA) using FACS DIVA software. In both analyses, splenocytes were stained with Live/dead fixable violet dead cell stain (Thermo Scientific,Waltham, MA, USA) to exclude dead cells. Statistical analyses were performed by the Mann-Whitney unpaired T test for nonparametric measures using the GraphPad Prism 4.0 Software (GraphPad Software, Inc, La Jolla, CA).
